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ABSTRACT
A blue light emitting device has been successfully fabricated using a polymer with regulated conjugation length containing trimethylsilyl substituted phenylenevinylene units. Electroluminescence from the device has an emission maximum at 470 nm. The device shows typical diode characteristics with operating voltage of 20 V and the light becomes visible at a current density of less than 0.5 mA/cm 2 . The electroluminescence spectrum is virtually identical with the photoluminescence spectrum, indicating that the radiation mechanisms are the same for both. A light emitting device using the blend of a large band gap polymer and a small band gap polymer was also fabricated. Light emission from the small band gap polymer shows much improved quantum efficiency, but there is no light emission from the large band gap polymer. Quantum efficiency of the blend increases up to about two orders of magnitude greater than that of the small band gap polymer with increasing proportion of the large band gap polymer. The improvement in quantum efficiency is interpreted in terms of exciton transfer and the hole blocking behaviour of the large band gap polymer. Finally, we have fabricated a patterned flexible light emitting device using the high quantum efficiency polymer blend system.
I. INTRODUCTION
Since electroluminescence (EL) from thin film of organic molecules was first demonstrated [1] , interest in light emitting devices (LEDs) utilizing -conjugated organic molecules and polymers was fueled research into EL devices based on polymer thin layers, which are one of the most promising next-generation flat panel display and light emitting diodes. Many -conjugated polymers have -energy gap responsible for EL, which can be altered through controlled changes in the molecular structure and hence the color tuning is easily controllable [2] , [3] . This color tuning is one of the important advantages of organic over inorganic LEDs especially for the generation of blue light. Processibility is another advantage for application to large-area LEDs, where the device can be fabricated by casting the luminescent polymer layer fromsolution [4] .
Inorganic semiconductors such as GaN and ZnSe have been used for blue light generation, but are not effective for large-area application. The feasibility of large area applications using processible organic polymers spurred research into the use of -conjugated polymers in blue light generation [5] - [12] . However, the first blue EL polymers showed rather poor processibility and mechanical properties [5] , [6] , and therefore the search for suitable polymers for blue EL generation has been intensively continued [7] - [12] .
For blue light generation, the band gap of semiconducting polymers need to be widened.
An effective way for widening the band gaps of conjugated polymers is to shorten the conjugation length by introducing nonconjugated segments into the backbone [11] - [14] . The introduction of nonconjugated segments not only results in confinement of -electrons in the conjugated segments but also improves the homogeneity of the film [11] , [12] . However, from the view of chemical synthesis, it is hard to obtain the polymer with a short conjugation length of phenylenevinylene units in a soluble form. The introduction of some substituents onto the benzene ring is necessary to improve the solubility [11] , [12] .
Even though there has been remarkable development in polymer EL device performances, the improvement of quantum efficiency and reliability of the devices is still a challenge. Quantum efficiency of EL can be achieved up to a maximum of one-quarter of that of PL according to the spin statistics [15] , but the highest recorded external quantum efficiency for a single layer polymer device is at most 1% [16] . Therefore, the quantum efficiency and the reliability of the polymer EL devices need to be improved for practical uses. New materials and device structures have been actively pursued to improve them.
Better quantum efficiency requires more balanced injection of the opposite carriers into the emissive layer. There are several effective ways to achieve it, such as introducing hole and/or electron transport layers between the luminescent layer and the electrodes [17] , [18] , or reducing the band offset between the lowest unoccupied molecualr orbital (LUMO) level of the emission layer and the Fermi level of the cathode. Reduction of the band offset can be obtained by using a cathode with low work function [4] or by using an emissive polymer with high electron affinity [16] . Combination of the above two methods produced a device with an internal quantum efficiency about 4% [16] .
Blending of luminescent polymers is an another useful method for color tuning and improving quantum efficiency. Polymer blends of a luminescent polymer and a matrix polymer with good hole transporting property such as poly(9-vinylcarbozole) or poly(methyl methacrylate) show enhancement of quantum efficiency [9] , [19] - [21] . The efficient confinement of the singlet exciton which is responsible for EL in polymer blend is expected to improve the quantum efficiency. EL devices made of a polymer blend composing four luminescent polymers displayed multicolor emission with the emission color depending upon the applied voltage [22] . Single color with much improved quantum efficiency has also been obtained from blends of two luminescent polymers [23] , [24] .
In this paper, we report blue EL devices utilizing a PPV derivative poly[1,3-propane dioxy-1,4-phenylene-1, 2-ethenylene-(2, 5-bis (trimethylsilyl) -1, 4-phenylene) -1, 2-ethenylene-1,4-phenylene] (hereafter PDSIPV), in which the conjugation length is regulated by incorporating nonconjugated segments into the conjugated backbone. The nonconjugated alkyl spacer group is designed to be as short as possible in order to keep the good mechanical properties of PPV. Furthermore, the trimethylsilyl groups were introduced onto the benzene ring in order to improve the solubility of the polymers, and hence enhance the processibility for the fabrication of a blue EL device. A trimethylsilyl substituent has almost the same electronic properties as hydrogen but improves the polymer solubility [25] . The EL properties and characteristics of the devices were measured and their results are discussed. Also, we report the improvement of quantum efficiency of EL devices by blending two polymers with different band gaps in various proportions.
Poly(2-methoxy, 5-(2'-ethyl-hexoxy)-1,4-phenylene vinylene) (MEH-PPV) was used as a small band gap polymer and blue light emitting PDSIPV as a large band gap polymer. Interestingly, the blend systems show the enhancement of EL quantum efficiency at the wavelength of MEH-PPV without any emission from PDSIPV even when the latter dominates in weight composition. Also the quantum efficiency of MEH-PPV is almost linearly increased with the weight composition ratio of PDSIPV.
II. DEVICE FABRICATION AND CHARACTERIZATION
The chemical structures of the synthesized polymer and the polymer used as the small band gap polymer in the blend system are shown in Fig. 1(a) and (b) , respectively, together with the fabricated device structure. The synthetic schemes of the polymers were reported previously [26] . The polymer LEDs are constructed as the following. A polymer film with thickness of about 150 nm was obtained by spin coating the filtered polymer solution onto the substrates with indium tin oxide (ITO) electrode, which were precleaned by successive ultrasonic treatment for an hour in acetone and isopropyl alcohol and followed by drying with nitrogen gas, and then drying in a vacuum oven for several hours. Aluminum was vapor deposited as the cathode at a pressure below 4 10 6 Torr, yielding an active size of 5 mm diameter.
The PL spectra were obtained by excitation with ultraviolet light at 351 nm from Ar ion laser (Coherent Innova-305). Luminescence spectra measurements used a monochromator (ISA HR320) with a photomultiplier tube (PMT, Hammamatzu R955) as detector, and were recorded at 1 nm resolution by computer while applying direct current from the current/voltage source (Keithley 238).
Current -voltage(I -V) and light intensity -current(L -I) characteristics were measured using the current/voltage source(Keithley 238) and the optical power meter (Newport 835). The injected current was measured by the voltage supply while applying the bias and recorded by computer. At the same time, the emitted light was collected by a Si photodetector (Newport 818SL) placed in front of the device and recorded by the computer. Since the solid angle of light detection is very small, a great loss in the light detection is unavoidable. All the measurements were performed in air and at room temperature. 
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The polymer (PDSIPV) was soluble in organic solvents such as chloroform, dichloromethane, tetrahydrofuran, etc. Good-quality polymer thin films were obtained by spin coating the filtered polymer solutions without any futher thermal processes.
The forward bias current was obtained when the transparent electrode was positively biased and the metal electrode was grounded [26] . Fig. 2 shows the current density vs. electric field characteristics and the voltage dependence of EL measured from a metal/polymer/metal device. The forward current increased with increasing forward bias voltage and the reverse bias current remained small; the rectification ratios were approximately 10 3 . The emitted light became detectable at almost the same bias as those obtained from the I -V characteristics measurements. The light emitting device showed a high threshold voltage of about 20 V. The current densities at which the emission light became visible were less than 0.5 mA/cm 2 .
The dependence of the emission intensity on the injected current is shown in Fig. 3 in terms of the quantum efficiency without any corrections for the solid angle and the reflections due to differences in refractive indices. The intensity increased sharply with increasing injected current at low current regime, and then more slowly, tending to saturate with in-creasing current. The shortening of the conjugation length results in a larger band gap so that the barrier height for the carrier injection may be higher. Small increases in the barrier height can produce higher threshold voltages and less major carrier injection into the polymer. Therefore, the higher the barriers for the carrier injection from the electrode into the polymers [27] , the lower the quantum efficiency. It is hard to know accurately the external quantum efficiency, defined as number of photons generated per number of electrons injected, of the device since the collection of emission light is not perfect. However, we can estimate from the L-I characteristic curves that the quantum efficiencies are at least in the order of the 10 4 10 5 photons per electron. The radiative decay from these singlet excitons is responsible for the EL [15] .
IV. LIGHT EMITTING DEVICES USING THE POLYMER BLENDS
Recently, LEDs using polymer blends became a hot topic because the polymer blend might show only the best features of the component polymers or work as a kind of new material with new properties distinct from the properties of the component polymers. If two luminescent polymers are blended and there is a phase separation, each polymer may function individually as a small size diode and hence multicolored light may be generated [22] . For our blend system, atomic force microscope (AFM) as seen in Fig. 5 and scanning electron microscope (SEM) images showed no indication of phase separation or layer formation due to the immiscibility of two polymers, therefore the blend system in this study is considered to be homogeneous. Current -voltage (I -V) and log-log plot of light intensity -current (L -I) characteristic curves of the blend systems are shown in Fig. 6 . As the proportion of PDSIPV increases, the I -V characteristic behavior shows a shift from the MEH-PPV-like to the PDSIPV-like. The relative external quantum efficiencies obtained from L -I characteristics of several EL devices with various composition ratio of two polymers are shown in Table 1 . The quantum efficiency increases with the composition ratio of PDSIPV reaching up to two order of magnitude larger than that of MEH-PPV. The device quantum efficiency is known to depend inversely on the energy barriers of minor carrier injection [27] . Since the I -V characteristics of EL devices are determined by the major carriers [27] , the band offsets in our systems are related to the major carrier injection or the hole injection. EL spectra of the various blend compositions obtained at room temperature are shown in Fig. 7 [29] . Even when PDSIPV which emits with an emission maximum of 470 nm is in the higher proportion, only emission from MEH-PPV is observed. On the other hand, the absorption spectra show two absorption peaks located at 350 nm and 540 nm corresponding to PDSIPV and MEH-PPV, respectively. When we compare the peak positions in the EL spectra of the blend system with that of pure MEH-PPV, there is little shift in the peak position indicating no chain conformation or aggregation of MEH-PPV in PDSIPV, consistent with AFM and SEM results. EL intensities of MEH-PPV increased with the proportion of PDSIPV. This indicates that PDSIPV functions as a polymer matrix enhancing the quantum efficiency without its own emission.
Based on the trends of the external quantum efficiencies, the device characteristics and luminescent spectra described above, the luminescence behavior in the blend system is interpreted as follows. The electrons and holes are injected into blend systems from cathode and anode, respectively, and move toward opposite electrodes. The carriers are trapped in MEH-PPV due to efficient hole blocking by PDSIPV, since the band offset of PDSIPV for hole injection is larger than that of MEH-PPV which can be confirmed by Fowler-Nordheim plot. This hole blocking enhances the electron injection due to stronger space-charge field and results in the improvement of the quantum ef-ficiency. This carrier trapping in MEH-PPV causes the recombination of the carriers to be more probable and lengthens the lifetime of the excitons formed which are responsible for EL. Any such excitons formed in PDSIPV are to be transferred into the MEH-PPV, since there is only a peak corresponding to emission from MEH-PPV in both the EL and PL spectra. The schematic diagram for this interpretation is shown in Fig. 8 . Band offsets and band gaps were determined by Fowler-Nordheim plot and absorption spectra respectively, and the band offset of PDSIPV is greater than that of MEH-PPV by about 0.3 eV. Since I -V characteristics are dominated by major carrier (here hole) injection process [27] , the band offset corresponds mainly to the difference between HOMO of the polymer and Fermi level of ITO. As the concentration of PDSIPV increases, this hole blocking and trapping of carriers becomes more efficient and more excitons formed in PDSIPV are transfered to MEH-PPV. This was confirmed by the results of time-resolved PL experiments [30] , which show longer radiative lifetime for the blend system with larger composition of PDSIPV.
The dilution effect in the blend system is also effective for confining the singletexcitons in MEH-PPV because the dilution effect reduces interactions between the MEH-PPV chains, resulting in the additive enhancement of the quantum efficiency. The increase of quantum efficiency due to dilution effect can be obtained from the blend systems composed of the luminescent polymer with non- luminescent polymers (see Table 1 ).
By using the blend system with the enhanced quantum efficiency, a flexible EL device is fabricated. A flexible LED was first reported by Heeger et al. using three different polymers, that is, a polymer substrate coated by anodic polyaniline and the emissive polymer [31] . In our case, the ITO electrode on the plastic substrate is patterned, the polymer blends are spin coated and finally Al electrode is vacuum deposited. Fig. 9 shows the emission from the patterned flexible EL device fabricated using the polymer blend. The device was forced to bend so that the illuminating pattern shows distortion. Consequently, the pattern in the bent device looked smaller than that of the device without bending.
V. CONCLUSION
Blue electroluminescent devices have been fabricated using a PPV derivative with a welldefined conjugation length backbone. The trimethylsilyl substituents are attached on the central benzene ring in the conjugated segment. The trimethylsilyl substituted polymer with trimethylsilyl substituents has good solubility and shows bright blue EL. The EL spectra are similar to the PL spectra indicating the origins of the light emission in both cases are the same. The devices show typical diode characteristics with high threshold voltage but low current density. A small increase in the barrier height and non-Ohmic contact between the polymer and the electrode for the injection of major carriers may result in the high threshold voltage. The efficiencies are still low, but may be improved by packaging the device under an oxygen-free environment and using a low work function metal electrode as a cathode.
The device characteristics of blend system with various proportions of two different band gap polymers have been studied. Only EL from MEH-PPV was observed with negligible luminescence from PDSIPV. A quantum efficiency about two order of magnitude larger than that of pure MEH-PPV was obtained for the polymer blend system. The observation of high quantum efficiency was interpreted as being due to the hole blocking and exciton transfer behavior of the matrix polymer, PDSIPV.
